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EPR[FeFe] hydrogenases are key enzymes for bio(photo)production of molecular hydrogen, and several efforts
are underway to understand how their complex active site is assembled. This site contains a [4Fe–4S]-2Fe
cluster and three conserved maturation proteins are required for its biosynthesis. Among them, HydF has a
double task of scaffold, in which the dinuclear iron precursor is chemically modiﬁed by the two other
maturases, and carrier to transfer this unit to a hydrogenase containing a preformed [4Fe–4S]-cluster. This
dual role is associated with the capability of HydF to bind and dissociate an iron–sulfur center, due to the
presence of the conserved FeS-cluster binding sequence CxHx46–53HCxxC. The recently solved
three-dimensional structure of HydF from Thermotoga neapolitana described the domain containing the
three cysteines which are supposed to bind the FeS cluster, and identiﬁed the position of two conserved his-
tidines which could provide the fourth iron ligand. The functional role of two of these cysteines in the activa-
tion of [FeFe]-hydrogenases has been conﬁrmed by site-speciﬁc mutagenesis. On the other hand, the
contribution of the three cysteines to the FeS cluster coordination sphere is still to be demonstrated. Further-
more, the potential role of the two histidines in [FeFe]-hydrogenase maturation has never been addressed,
and their involvement as fourth ligand for the cluster coordination is controversial. In this work we combined
site-speciﬁc mutagenesis with EPR (electron paramagnetic resonance) and HYSCORE (hyperﬁne sublevel
correlation spectroscopy) to assign a role to these conserved residues, in both cluster coordination and hy-
drogenase maturation/activation, in HydF proteins from different microorganisms.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Iron–sulfur proteins are widespread in nature and participate in
several different processes which are crucial in biology. In addition
to the ubiquitous role in mediating electron transfer, they are also in-
volved in coupling of electron and proton transfer, substrate binding
and activation, determining protein structure, regulation of gene ex-
pression and enzymatic activity, disulﬁde reduction, and iron, elec-
tron, or cluster storage [1–3]. The chemically simplest FeS center,
the rhombic [2Fe–2S] cluster, is constituted by two iron ions bridged
by two sulﬁde ions and coordinated by four cysteinyl ligands or by
two cysteines and two histidines. The [4Fe–4S] cluster contains four
iron and four sulﬁde ions placed at the vertices of a cubane-type struc-
ture, in which the Fe centers are typically further coordinated by., C. acetobutylicum HydF; EPR,
sublevel correlation
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rights reserved.cysteinyl ligands. Proteins are also known to contain [3Fe–4S] centers
or more complex polymetallic systems, as in nitrogenase or hydroge-
nases. The latter are a general class of phylogenetically unrelated
metalloproteins which received growing attention for potential
bioenergy applications due to their capability to drive the reversible
reduction of protons to hydrogen gas (see [4] for a comprehensive re-
view on this topic). Among them, [FeFe]-hydrogenases, found in some
unicellular green algae, such as Chlamydomonas reinhardtii, as well as
in strict anaerobes, fungi and protists, have been claimed as the most
promising biocatalysts of hydrogen production because of their high
speciﬁc activity. Indeed, the ability of green algae to release H2 gas
upon illumination is as a phenomenon of great scientiﬁc and techno-
logical interest as it holds the promise of generating energy from
nature's most plentiful resources, light and water. However, the mo-
lecular description of the steps leading to thematuration of a functional
[FeFe]-hydrogenase is still incomplete.
The [FeFe]-hydrogenase catalytic activity is driven by an unique
FeS center, the so-called H-cluster, a complex structure composed of
a 2Fe center bridged to a [4Fe–4S] cubane [5,6]. In the 2Fe subcluster,
the twometal ions are bridged by a dithiomethylaminemolecule [7,8],
and are both coordinated at terminal CO and CN− ligands, and at an
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chemical and cell biology studies clearly indicated that thematuration
of [FeFe]-hydrogenase proteins in both bacteria and green algae re-
quires a rather complex network of strictly coordinated reactions to
assist the synthesis and assembly of the FeS clusters into apoproteins
[3]. The biogenesis of the most common FeS clusters (i.e. [2Fe–2S] and
[4Fe–4S]) has been extensively studied in bacteria and involves the
ISC/SUF systems [10], whereas the biosynthesis of [FeFe]-hydrogenase
(HydA) [4Fe–4S]-2Fe cluster is still not completely understood and
represents an emerging and challenging theme in the ﬁeld of com-
plex metalloprotein maturation and activation (see [11] and [12]
for the two most recent reviews on this topic). Assembly of the
H-cluster catalytic site requires three conserved maturation proteins.
HydE and HydG are radical S-adenosylmethionine (SAM) FeS enzymes
required for the addition of CO/CN− and dithiomethylamine ligands
[13–17], and HydF is a GTPase containing a FeS cluster-binding motif
[13,18].
Current data indicate that HydF would have the double key role of
i) a scaffold upon which HydE and HydG chemically modify the 2Fe
subcluster, and ii) a carrier that transfers the latter HydA, thus com-
pleting the maturation process [17,19–21]. It has been recently
shown that HydF binds not only a [4Fe–4S] cluster but also a 2Fe
unit [17,22], and it was suggested that only the latter is transferred
from the scaffold to the hydrogenase, thereby forming the H-cluster
active site. Accordingly, a model has been proposed in which the
role of the entire HydE/HydF/HydG maturation machinery is to syn-
thesize and insert only a 2Fe subcluster together with its ligands into
the structural enzyme containing a preformed [4Fe–4S] unit [23,24].
The FeS cluster coordination in HydF and the mechanism driving the
transfer of the 2Fe unit are still largely unknown. Although FeS clus-
ters are usually integrated into proteins through coordination of iron
by cysteine or histidine residues, alternative ligands such as aspartate,
arginine, serine or glutamine are also known [3,25,26], especially in
complex iron–sulfur proteins. All HydF proteins identiﬁed to date
share an iron–sulfur cluster-binding motif (CxHx46–53HCxxC) in the
C-terminal end [18,27], with three highly conserved cysteine residues
which are supposed to bind a FeS cluster. Indeed, site-speciﬁcmutagen-
esis experiments on the HydF protein from Clostridium acetobutylicum
conﬁrmed that two of these conserved cysteines, i.e. Cys 353 and Cys
356, are essential in driving the assembly of a functional H-cluster
[27]. We recently solved the three-dimensional crystal structure of a
recombinant HydF from Thermotoga neapolitana (HydFT.n.) (PDB ID:
3QQ5), and described the domain containing the three conserved cyste-
ine residues (i.e. Cys 302, Cys 354, and Cys 356) which likely bind the
FeS cluster [28]. Close to these residues, we identiﬁed the position of
two conserved histidines (i.e. His 304 and His 352) which may be part
of the cluster coordination sphere. However, their role is still controver-
sial. In a previous work on the HydF from Thermotoga maritima,
HYSCORE experiments excluded the presence of nitrogen atoms in the
cluster coordination sphere, ruling out the role of histidine residues
[18]. On the other hand, the same kind of experiments performed
on the HydF protein from C. acetobutylicum showed the presence of
nitrogen in the coordination of the [4Fe–4S] cluster [16], leading
the authors to interpret this signal as a histidine ligation to the FeS
unit. Moreover, although the Cys 353 and 356 residues of HydF
from C. acetobutylicum have been shown to be essential to achieve
a complete [FeFe]-hydrogenase maturation process [27], the putative
key role of the three conserved cysteines in the cluster coordination
remains to be demonstrated.
In this work, electron paramagnetic resonance (EPR) and hyper-
ﬁne sublevel correlation spectroscopy (HYSCORE) on the HydF pro-
teins from T. neapolitana and C. acetobutylicum were combined with
a site-speciﬁc mutagenesis approach to investigate the involvement
of cysteine and histidine residues, from the CxHx46–53HCxxC consen-
sus sequence, on the biosynthesis/transfer of the FeS cluster, and on
the activation of the apo[FeFe]-hydrogenase.2. Materials and methods
All chemicals were of the highest purity commercially available.
2.1. Heterologous expression and puriﬁcation of HydFT.n. and HydFC.a.
proteins
The T. neapolitana hydF gene was isolated from puriﬁed genomic
DNA by PCR ampliﬁcation following standard protocols and subcloned
in framewith a 6His-tag sequence at the N-terminus in a pET-15b vec-
tor (from Novagen®) suitable for T7 driven co-expression in E. coli.
The pCDFDuet-1/hydFC.a. plasmid, carrying the HydF coding sequence
in frame with a StrepII-tag at the 3′ terminus, was kindly provided
by Dr. Matthew C. Posewitz (from the Department of Chemistry
and Geochemistry, Colorado School of Mine, Golden, Colorado). The
pET-15b/hydFT.n. and pCDFDuet-1/hydFC.a. recombinant plasmids were
used as templates to introduce different mutations in the wild type
hydF coding sequence (see below). Escherichia coli Rosetta (DE3)
and BL21(DE3) cells were transformed with the pET-15b/hydFT.n. and
pCDFDuet-1/hydFC.a. recombinant plasmids respectively, and positive
clones were selected by antibiotic resistance. The 6His-tagged HydFT.n.
and StrepII-tagged HydFC.a. proteins, either wild type or mutant type,
were expressed in anaerobic conditions as previously described [28],
and puriﬁed by nickel afﬁnity chromatography (HIS-Select® Nickel
Afﬁnity Gel, from Sigma-Aldrich) or StrepTactin afﬁnity chromatogra-
phy (IBA, Göttingen, Germany), starting from 2 L cultures. His tag and
StrepII tag have not been removed from the puriﬁed recombinant pro-
teins. The afﬁnity-puriﬁed HydFT.n. wild type protein was subjected to
gel ﬁltration under anaerobic conditions, as previously described [28],
prior to HYSCORE spectroscopic investigation (see below). For each
puriﬁcation, the eluted fractions were pooled together and concen-
trated by centrifugal ﬁlters (Vivaspin® Centrifugal Concentrators,
10,000 MWCO, from Sartorius Stedim Biotech) to a volume suitable
for EPR analysis (see below), giving rise to a ﬁnal concentration rang-
ing from 100 μM to 300 μM for the HydFT.n. proteins, and from 50 μM
to 250 μM for the HydFC.a. proteins, as determined with a Micro BCA
Protein Assay Kit (from Thermo Scientiﬁc Pierce Protein Research).
All puriﬁcation steps were performed under anaerobic conditions in
a glove box (MBRAUN MB 200B) with O2-free solutions. Puriﬁed pro-
teins were analyzed by 12% SDS-PAGE, and electroblotted onto a
poly(vinyldiﬂuoridene) membrane. For immunoblotting analysis, the
membrane was probed with an anti-6His-tag monoclonal antibody
(from Sigma-Aldrich) or with an anti-StrepII-tag monoclonal antibody
(from IBA, Göttingen, Germany) and with a horseradish peroxidase-
conjugated goat anti-mouse IgG (from Kirkegaard & Perry Laboratories).
Labeled proteins were then visualized with an ECL Western blotting
detection kit (from Thermo Scientiﬁc Pierce Protein Research).
2.2. Site-directed mutagenesis of hydFT.n. and hydFC.a. genes
Site-directed mutagenesis of the hydF genes from T. neapolitana
and C. acetobutylicum was performed with the QuickChange® II
Site-Directed Mutagenesis Kit (from Stratagene), using as template
pET-15b/hydFT.n. and pRSFDuet-1/hydFC.a./hydGC.a. (see below) respec-
tively. Oligonucleotides (Tables 1 and 2) were designed according to
the manufacturer's guidelines and the mutant constructs analyzed
by DNA sequencing.
2.3. Spectroscopic analysis
2.3.1. Electron paramagnetic resonance
For EPR measurements samples were concentrated as described in
the previous paragraph. EPR tubes of as-isolated wild type andmutant
HydFT.n. and HydFC.a. proteins were prepared in an anaerobic box
and frozen in liquid nitrogen. Reduced wild type and mutant HydF
samples were made by supplementing the proteins with 20 mM
Table 1
List of primers used for the mutagenesis of the hydFT.n. gene, with the modiﬁed bases
underlined.
Primer name Primer sequence
FTnC302S_for 5′‐GTCATCATGGAAGGCAGCACCCACAGACCTC‐3′
FTnC302S_rev 5′‐GAGGTCTGTGGGTGCTGCCTTCCATGATGAC‐3′
FTnC353S_for 5′‐CTTATCATCCACAGCGGTGGATGTATTCTG‐3′
FTnC353S_rev 5′‐CAGAATACATCCACCGCTGTGGATGATAAG‐3′
FTnC356S_for 5′‐CCACTGCGGTGGAAGTATTCTGAACCGTTC‐3′
FTnC356S_rev 5′‐GAACGGTTCAGAATACTTCCACCGCAGTGG‐3′
FTnH304A_for 5′‐GGAAGGCTGCACCGCCAGACCTCTCACCG‐3′
FTnH304A_rev 5′‐CGGTGAGAGGTCTGGCGGTGCAGCCTTCC‐3′
FTnH352A_for 5′‐CGCAAAACTTATCATCGCCTGCGGTGGATG‐3′
FTnH352A_rev 5′‐CATCCACCGCAGGCGATGATAAGTTTTGCG‐3′
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tion in an anaerobic buffer, and incubated for 10 min before freezing.
All samples were stored in liquid nitrogen until spectral acquisition.
Low-temperature continuous-wave EPR (CW-EPR) spectra were col-
lected using a Bruker Elexsys E580-X-band spectrometer equipped
with a ER4102ST cavity and a ﬂow cryostat (ESR 900 Oxford Instru-
ments). Acquisition parameters were the following: temperature=
10–50 K; microwave frequency=9.38 GHz; modulation=1.0 mT,
microwave power=2.0 mW; time constant=163.84 ms; conversion
time=81.92 ms; number of data points=4096 (scan range=700 mT)
or 1024 (scan range=100 mT). Simulations of the CW-EPR spectra,
to obtain the g-tensor principal components, were performed using
Easyspin routine in Matlab® [29 and refs. therein]; g values were esti-
mated by calibration with a strong-pitch sample. The g values given in
the Results are derived from the simulated spectra reported in the sup-
plementary data.2.3.2. HYSCORE spectroscopy
Pulsed EPR experiments were carried out using the same spec-
trometer equipped with a dielectric ring resonator (EN4118X-MD4)
and a helium ﬂow cryostat (Oxford CF935). The HYSCORE measure-
ments were performed at a temperature of 8 K. A conventional
two-dimensional (2D) four-pulse sequence (π/2–τ–π/2–t1–π–t2–π/
2–τ–echo) was applied with a τ delay varied around 248 ns and an
8 ns detector gate, centered at the maximum of the echo signal. The
nominal duration of the π/2 and π pulses was 16 and 20 ns respec-
tively. The echo intensity was measured as a function of t1 and t2,
incremented in steps of 12 or 28 ns from the initial value of 32 ns.
HYSCORE data were collected as a 128×128 matrix at a repetition
rate of 1000 Hz. A 4-step phase cycling procedure was used to remove
unwanted echoes. The HYSCORE time domain data were processed
with a home-written program in Matlab®. The 2D time domain data
were corrected for the unmodulated relaxation decay by a third-order
polynomial background in both dimensions. The baseline-corrected
data were then apodized with a Hamming window and zero-ﬁlled to
512 points in both dimensions. 2D Fourier transformation (FT) magni-
tude spectra were calculated and presented as contour plots.Table 2
List of primers used for the mutagenesis of hydFC.a. gene, with the modiﬁed bases
underlined.
Primer name Primer sequence
FCaC304S_for 5′‐TTAATAGCAGAAGCCAGCACCCACCACCGTC‐3′
FCaC304S_rev 5′‐GACGGTGGTGGGTGCTGGCTTCTGCTATTAA‐3′
FCaH306A_for 5′‐GCAGAAGCCTGCACCGCCCACCGTCAATCTGA‐3′
FCaH306A_rev 5′‐TCAGATTGACGGTGGGCGGTGCAGGCTTCTGC‐3′
FCaH352A_for 5′‐CCAAATATAGAGGATTATGCACTTATAGTTGCTTGTGCTGGCTGCATG‐3′
FCaH352A_rev 5′‐CATGCAGCCAGCACAAGCAACTATAAGTGCATAATCCTCTATATTTGG‐3′2.4. Hydrogen evolution assay
Hydrogenase activity of whole extracts obtained from E. coli BL21
(DE3) cells co-expressing StrepII-tagged-HydAC.a. with StrepII-tagged-
HydFC.a. (wild type andmutant proteins), HydEC.a., andHydGC.a. proteins
was measured in vitro, as previously described [27], as the evolution of
H2 gas from reduced methyl viologen (MV) using nitrogen-ﬂushed
13.5-ml sealed serum vials and a gas chromatograph (Perkin Elmer
Clarus GC500), ﬁtted with a Restek 5 Å molecular sieve 80/100
6′ 1/8″ column and a thermal conductivity detector. All steps were
performed anaerobically. The recombinant pETDuet-1/hydAC.a./hydEC.a.
and pRSFDuet-1/hydFC.a./hydGC.a. expression vectors were kindly pro-
vided by Dr. Matthew C. Posewitz (from the Department of Chemistry
and Geochemistry, Colorado School of Mine, Golden, Colorado). The
expression of StrepII-HydAC.a. and StrepII-tagged-HydFC.a. proteins was
analyzed by SDS-PAGE and Western blotting analysis, using an anti-
StrepII-tag monoclonal antibody, and by loading in each lane the same
amount of protein.
3. Results
3.1. Site-directed mutagenesis of T. neapolitana HydF conserved FeS
cluster binding consensus sequence
The three-dimensional crystal structure of HydF from T. neapolitana
(HydFT.n.) indicates that this protein is organized in dimers and tetra-
mers, the ﬁrst being themain species in solution and the latter resulting
from their further dimerization, producing a dimer of dimers [28].
Moreover, three distinct domains sharing a common topology can be
distinguished within each monomer. Among them, domain III contains
the iron–sulfur cluster binding site, with the three highly conserved
cysteine residues (i.e. Cys 302, Cys 353, and Cys 356) belonging to the
C-terminal CxHx47HCxxC consensus sequence. The structure has been
solved with a protein in a completely oxidized state, in which the
three cysteines are all involved in intra- and inter-molecular disulﬁde
bridges, leading to the lack of FeS clusters in the crystal packing. Many
trials have been attempted without success to obtain the crystal struc-
ture of the reduced holo-HydF protein, fully occupied by the mature
FeS cluster. Indeed, neither the enrichment of the FeS cluster content
by in vitro reconstitution nor the addition of reducing agents (such as
Tris(2-carboxyethyl) phosphine, dithiothreitol, and dithionite) or the
screening of crystallization conditions in an oxygen-free environment
produced diffraction quality. Most likely, the oxidation of cysteines
and the formation of inter-molecular disulﬁde bridges between HydF
protein dimers represent a driving force in the crystallization process,
which leads to the enrichment of a compact and highly symmetrical tet-
rameric apo-HydF, more prone to packing in the crystal lattice than any
other oligomeric species. On the other hand, the molecular details of
domain III obtained with the apo-HydF protein allowed us to draw the
features of the cluster binding pocket carrying the three cysteines.
Close to them, two conserved histidine residues (i.e. His 304 and His
352) are potentially able to provide a fourth ligand needed for the coor-
dination of the FeS cluster, as shown in Fig. 1. His 352 is buried inside
the pocket, mainly surrounded by hydrophobic residues (such as Met
299,Met 363,Met 377, and Phe 338) except for Arg 366, that establishes
a hydrogen bondwith its imidazole ring. On the contrary, His 304 is part
of a ﬂexible loop on the surface, rotated toward the external side, most
likely due to the intermolecular disulphide bridge between adjacent Cys
302 residues from two dimers [28]. Looking at the overall pocket size,
and at the ﬂexibility of the secondary structures involved, a signiﬁcant
rearrangement of both loops including His 352-Cys 356 and Cys
302-His 304 can be easily postulated in reducing conditions and in the
presence of the FeS cluster. Primary sequence analysis of several HydF
proteins from different [FeFe]-hydrogenase containing microorganisms
showed the complete conservation of these two histidines in the FeS
cluster binding consensus sequence (Fig. S1, supplementary data),
Fig. 1. Cartoon tube representation of Thermotoga neapolitana HydF dimer (PDB code:
3QQ5). The three equivalent domains in each HydF monomer are represented using
the same colors (GTPase domain: blue, dimerization domain: green, and FeS cluster
binding domain: yellow), while the space-ﬁlling transparent surface (yellow and
light blue) allows us to distinguish the two symmetrical monomers. The residues char-
acterized in this study and putatively involved in the cluster coordination are shown as
space-ﬁlling spheres (red) in both monomers, and the same cluster binding region, as
it can be described in the oxidized HydF apo-form, is zoomed on the left.
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been addressed before.
In order to investigate the involvement of these conserved cysteines
and histidines in deﬁning the coordination sphere of the T. neapolitana
HydF FeS cluster we anaerobically expressed in E. coli a wild type re-
combinant 6His-tagged HydFT.n. as well as ﬁve proteins in which theseg
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Fig. 2. X-band EPR spectra of as-isolated and anaerobically reduced wild type and mutant Hy
ing the g=4.3 and the [3Fe–4S]+ signals. Protein concentrations range between 100 μM an
dium dithionite. Wild type and mutant proteins are compared. Microwave frequency=9.38
conversion time=81.92 ms; temperature=10 K.key residues have been mutated, i.e. HydFT.n.C302S, HydFT.n.C353S,
HydFT.n.C356S, HydFT.n.H304A, and HydFT.n.H352A. The proteins were
afﬁnity-puriﬁed under anaerobiosis by exploiting the 6His-tag at their
N-terminus, as assessed by Western blotting analysis (Fig. S2, supple-
mentary data), concentrated and subjected to EPR and HYSCORE.
3.2. Low-temperature EPR and HYSCORE on wild type and mutant HydF
proteins from T. neapolitana
3.2.1. Low-temperature EPR
The EPR spectra of the as-isolated HydFT.n. proteins are shown in
Fig. 2, panel A.Wild typeHydFT.n., HydFT.n.H304A and HydFT.n.H352A ex-
hibit EPR signals characteristic of oxidized [3Fe–4S]+ clusters centered
around g=2.00, while HydFT.n.C302S, HydFT.n.C353S, and HydFT.n.C356S
show a very week signal. The signals due to damaged [3Fe–4S] centers
are also accompanied by a Fe(III) signal centered at g=4.3, typical of
nonspeciﬁcally bound iron, as often observed in metalloproteins.
After chemical reduction of the wild type and mutant HydFT.n. pro-
teins with 20 mM dithionite, new EPR signals are observed (see Fig. 2,
panel B). The almost axial signal, with principal g values=1.850,
1.895, and 2.044 (see Fig. S3 and Table 3, supplementary data), is
due to S=1/2 [4Fe–4S]+ center characterized by shifted high ﬁeld
g-values, as previously reported for the [4Fe–4S] cluster of HydF
from T. maritima [18]. HydFT.n.C302S, HydFT.n.C353S and HydFT.n.C356S
do not show the presence of an assembled [4Fe–4S] cluster, and
this suggests that the three conserved cysteines cannot be replaced
by an isosteric serine residue, which has been found before in a few
cases as an alternative FeS cluster ligand [26,30,31]. Instead, in both
HydFT.n.H304A and HydFT.n.H352A proteins an EPR signal has been
detected due to the reduced cluster, although in the case of HydFT.n.
H352A the signal seems to be slightly affected in terms of principal
g-values (1.840, 1.875, and 2.055). These results indicate that while
the three cysteines of the FeS cluster binding consensus sequence ofT
04A
52A
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56S
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B
dFT.n. proteins. Panel A. Low-temperature CW-EPR spectra of as-isolated proteins show-
d 300 μM. Panel B. Low-temperature CW-EPR spectra after reduction with 20 mM so-
GHz; modulation=1.0 mT; microwave power=2.0 mW; time constant=163.84 ms;
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center, the two conserved histidines are not decisive for metal coordi-
nation. This prompted us to further investigate the contribution of the
two histidines to the FeS cluster binding (see the next section).
Fig. 2 (panel B) indicates that in the g=2.0 region of the EPR
spectra also a narrow signal (0.16 mT) centered at g=2.003 has
been detected, due to the formation of a radical upon reduction
with dithionite. The signal is almost undetectable for HydFT.n.C302S,
HydFT.n.C353S, and HydFT.n.C356S. The temperature dependence of the
EPR signals of the reduced samples shows the disappearance of the sig-
nal due to the [4Fe–4S] center at a temperature of about 20 K, as
expected for this kind of metal cluster, while the intensity of the radical
signal reaches amaximum at about 40 K, and then progressively decays
at higher temperatures (not shown). The origin of the radical observed
in this investigation is unknown. It could be due to a non-speciﬁc resi-
due reduced by dithionite at the concentration used in our study. On
the other hand, its relaxation behavior at relatively low temperatures
indicates a close vicinity to the metal center, meaning that it could
play a role in the catalytic process. However, any hypothesis about the
origin of this radical needs further investigation.B
A
ν 2
 
[M
Hz
]
ν1
0
2
4
6
8
10
12
14
16
18
20
ν 2
 
[M
Hz
]
0
2
4
6
8
10
12
14
16
18
20
-20 -15 -10 -5
ν1
-20 -15 -10 -5
Fig. 3. HYSCORE spectra of HydFT.n.. HYSCORE spectra of HydFT.n. protein after reduction with
the excess of imidazole, recorded at a magnetic ﬁeld corresponding to g=1.895. Microwave
of detected hyperﬁne interactions; steps of t1 and t2=12 ns; temperature=8 K.3.2.2. HYSCORE
A HYSCORE study was performed to evaluate a potential histidine
ligation of the [4Fe–4S] cluster of HydFT.n.. To this end, the protein
from T. neapolitana was puriﬁed by NiNTA afﬁnity chromatography
and subjected to the HYSCORE analysis. The spectra were recorded
at the intermediate principal g-value (1.895). The results reported in
Fig. 3, panel A, clearly show the presence of a nitrogen ligand coupled
to the spin system, in the (+−) and (++) quadrants in the low fre-
quency region around the Larmor frequency of the 14N nucleus. How-
ever, this signal is likely due to the presence of imidazole in the
column elution buffer since, if the sample is subjected to gel ﬁltration
prior to HYSCORE analysis to remove the excess of imidazole, the spec-
trumof the reducedHydF protein results to be largely affected, and the
spectral signatures of the nitrogen ligand disappear (Fig. 3, panel B).
Only the peaks due to the weak interaction with surrounding protons
are clearly visible, in the (+ +) quadrant in the region around
15 MHz. Thus, the HYSCORE results show that a His coordination is
not present in the wild type HydFT.n. protein and that the native ligand
can be easily exchanged with imidazole, as previously found in the
HydF protein from T. maritima [18]. [MHz]
0 5 10 15 20
 [MHz]
0 5 10 15 20
20 mM sodium dithionite, before (panel A) and after (panel B) gel ﬁltration to remove
frequency=9.71 GHz; τ=248 ns: the most representative, showing the complete set
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mutant HydF proteins from C. acetobutylicum
As assessed in the Introduction, Czech and co-workers suggested
a histidine ligation for the [4Fe–4S] cluster of the HydF protein from
C. acetobutylicum (HydFC.a.) based on a HYSCORE study [16]. To fur-
ther investigate this point, we anaerobically expressed in E. coli and
puriﬁed by afﬁnity chromatography a StrepII-tagged HydFC.a. wild
type protein as well as two additional StrepII-tagged proteins in
which the conserved histidines of the CxHx45HCxxC consensus se-
quence have been mutated (i.e., HydFC.a.H306A and HydFC.a.H352A)
(Fig. S4, supplementary data). The EPR spectra of the as-isolated
HydFC.a proteins are shown in Fig. 4, panel A. As in the case of HydFT.n.,
as-isolated wild type and mutant HydFC.a. exhibit EPR signals charac-
teristic of oxidized [3Fe–4S]+ clusters centered at g=2.00. After re-
duction with 20 mM sodium dithionite, the EPR signals show the
almost axial signal, characteristic of a S=1/2 [4Fe–4S]+ (Fig. 4,
panel B). The spectrum of the HydFC.a.H306A protein is identical to
that of the wild type protein (principal g-values: 1.831, 1.874, and
2.050), while the HydFC.a.H352A protein shows a weaker signal, with
shifted g-values: 1.836, 1.862, and 2.045 (see Fig. S5 and Table 4, sup-
plementary data). In the g=2.0 region of the EPR spectra, the narrow
signal (0.16 mT) centered at g=2.003, has also been detected.
The results of the HYSCORE experiments performed to evaluate
the ligation on the [4Fe–4S] cluster of HydFC.a. are shown in Fig. 5.
The HYSCORE spectra have been recorded at the intermediate
g-value. The analysis of the HYSCORE spectra (as well as that of the
3p-ESSEM spectra reported in Fig. S6, supplementary data) reveals
the presence of a nitrogen atom coupled to the spin system belonging
to a histidine ligand in the wild type protein (panel A) as well as in
the mutant HydFC.a.H306A (panel B). The parameters of hyperﬁne
and quadrupolar interactions (double-quantum frequencies, dq=
[±2.6 MHz; ±6.6 MHz]; hyperﬁne constant, a=4.2±0.2 MHz;
quadrupolar term, K2(3+η2)=0.71 MHz2), derived according to
the formula reported in [32], are in the range of those reported before
for histidine ligands of iron–sulfur clusters [32–35]. Interestingly, the
HydFC.a.H352A HYSCORE spectrum lacks all the cross peaks due to
strong N-coupling (Fig. 5, panel C), clearly suggesting that His 352 is
the fourth ligand of the [4Fe–4S] cluster in HydFC.a., different from
what is observed in the HydFT.n. protein.H306A
H352A
WT
g6 4 2
A
Fig. 4. X-band EPR spectra of as-isolated and anaerobically reduced wild type and mutant H
tein concentrations range between 50 μM and 250 μM. Panel B. Low-temperature CW-EPR
are compared. Other experimental conditions as for Fig. 2.3.4. Effect of single-site mutations of C. acetobutylicum HydF conserved
FeS cluster binding motifs on [FeFe]-hydrogenase activity
A structure–function relationship analysis was performed to es-
tablish a correlation between the spectroscopic properties of the
HydFC.a. mutant proteins and their capability to correctly activate
the [FeFe]-hydrogenase in combination with the maturases HydE
and HydG co-expressed in E. coli. To this end, we co-expressed in
E. coli a StrepII-tagged HydAC.a. together with HydEC.a., HydGC.a. and
the StrepII-tagged HydFC.a., the latter either as a wild type protein or
as mutant HydFC.a.H306A and HydFC.a.H352A, in anaerobic conditions.
As a control, we also produced and analyzed an additional HydFC.a.
mutant protein in which the Cys 302 was replaced by a serine residue,
that was expected to be ineffective in HydAC.a. maturation, as previ-
ously reported for the HydFC.a.C353S and HydFC.a.C356S mutant pro-
teins [27]. As shown in Fig. 6, all the introduced mutations, including
the one not affecting the HydFC.a. EPR and HYSCORE spectra, resulted
in a severe impairment of HydAC.a. activation under anaerobic induc-
ing conditions, as assessed by hydrogen gas evolution activities mea-
sured in whole-cell extracts. The same kind of analysis has not been
performed with the homologous proteins from T. neapolitana, which
are expected to be dysfunctional in the mesophilic host E. coli.
4. Discussion
Several molecular pathways for the biogenesis of FeS proteins
have been characterized in detail in both bacteria and eukaryotes,
and they all seem to share a common process involving two distinct,
highly coordinated stages: the assembly of the FeS cluster on a scaf-
fold protein, and the transfer of this center to an apoprotein, which
is ﬁnally converted to the holo form. Scaffolds usually contain cyste-
ine residues and bind a labile FeS cluster, which can be easily deliv-
ered and stably integrated into the target metalloprotein. The latter
step involves the dissociation of the scaffold-linked FeS cluster and
its speciﬁc transfer to proper acceptor sites in FeS apoproteins, even-
tually resulting in their activation. As assessed in the Introduction, the
maturation of [FeFe]-hydrogenases, which contains an unusually
complex [4Fe–4S]-2Fe cluster, requires the concerted actions of
three highly conserved proteins. Among them, HydF has the unique
property to accomplish the double role of scaffold and transferg2.2 2.0 1.8
B
ydFC.a. proteins. Panel A. Low-temperature CW-EPR spectra of as-isolated proteins. Pro-
spectra after reduction with 20 mM sodium dithionite. Wild type and mutant proteins
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Fig. 5. HYSCORE spectra of HydFC.a.. HYSCORE spectra of reduced wild type HydF (A), H306 mutant HydF (B) and H352A mutant HydF (C) HydF recorded at magnetic ﬁelds corre-
sponding to gy. τ=248 ns: the most representative, showing the complete set of detected hyperﬁne interactions. Steps of t1 and t2=28 ns. Other experimental conditions as for
Fig. 3.
2155P. Berto et al. / Biochimica et Biophysica Acta 1817 (2012) 2149–2157protein, meaning that it works as a platform for the synthesis and
chemical modiﬁcation of a FeS cluster precursor, and as a shuttle for
its delivery to the [FeFe]-hydrogenase. This double key task may
well reﬂect the dynamic behavior of HydF, which can exist in multiple
oligomeric forms [17,28], contains ﬂexible loops in the conserved do-
mains involved in its activities [28], and must be able to easily bindand dissociate a FeS cluster with a versatile mechanism whose molec-
ular details are still not completely clariﬁed.
Independent spectroscopic analysis of HydF from C. acetobutylicum
have shown that this protein is able to bind both a [4Fe–4S] and a 2Fe
subcluster [17,22], and it was proposed that only the di-iron unit
is transferred from the scaffold to the hydrogenase, although the
HydAC.a.
HydFC.a.
Fig. 6. Functional analysis of the StrepII-tagged HydAC.a. co-expressed in E. coli with
HydEC.a., HydGC.a., and StrepII-tagged HydFC.a. wild type and mutant proteins. For
Western blotting analysis, 5 μl of each total cell extract were loaded on a 12% gel for
SDS-PAGE and electroblotted onto a PVDF membrane. HydAC.a. and HydFC.a. proteins
were revealed by an anti-StrepII-tag monoclonal antibody. HydAC.a. activity was mea-
sured as nanomoles of H2 per milliliter of cell culture per minute evolved from reduced
methylviologen by solubilized whole cells. Reported values represent the mean of
three independent experiments±Standard Deviation.
2156 P. Berto et al. / Biochimica et Biophysica Acta 1817 (2012) 2149–2157possibility that the whole [4Fe–4S]-2Fe cluster is transferred cannot
be ruled out. Indeed, since only a single FeS cluster binding motif is
present in HydF, it was also suggested that the two sub-clusters are or-
ganized in a H-cluster like fashion [22], with the 2Fe precursor linked
to a [4Fe–4S] cubane. The latter would be directly coordinated by
HydF, working as an anchor to keep in site the cluster during the mat-
uration steps catalyzed by the HydE and HydG proteins. As a matter of
fact, the binding of the [4Fe–4S] unit to HydF, and themolecularmech-
anisms driving the dissociation and transfer of a complete H-cluster
precursor from the scaffold are still to be determined.
A common feature of all HydF proteins known to date is the pres-
ence at their C-terminus of a highly conserved FeS cluster binding
consensus sequence containing three cysteines, which are ubiquitous
ligands of iron–sulfur clusters in proteins and should in principle be
able to coordinate the FeS unit in HydF, together with a fourth ligand.
It has been shown that functional groups other than thiolates can co-
ordinate iron in FeS compounds, with histidine being the most com-
mon alternative ligand. Accordingly, both the HydF proteins primary
sequence (see Fig. S1) and the recently solved three-dimensional
structure of the apo-HydF from T. neapolitana [28] strongly suggest
that the two histidines of the CxHx46–53HCxxC motif could, in princi-
ple, be involved in the cluster coordination along with the three
conserved cysteines. The results obtained in the experiments de-
scribed above prove that the cysteines are indeed all essential for the
[4Fe–4S] cluster binding to HydF. The removal of the sulphydryl
group of the cysteines resulted in the cluster loss, while the activation
of [FeFe]-hydrogenasewas also compromised, conﬁrming the key role
of these residues in the hydrogenasematuration process (see also [27]).
On the other hand, the role of the histidine residues in the
[FeFe]-hydrogenase maturation pathway has never been investigated
before, and their putative contribution to the FeS cluster coordination
is controversial. Indeed, as assessed in the Introduction, although
HYSCORE spectroscopy on HydF from C. acetobutylicum suggested a
histidine ligation of the FeS cluster [16], the HYSCORE results reported
for the HydF from T. maritima excluded a nitrogen based ligand in
the iron coordination sphere [18]. In this work, we have shown that
alternative metal coordination may exist in different HydF proteins.
Indeed, despite the fact that the comparative analysis of the putative
binding pockets of the FeS cluster in HydF from T. neapolitana and
C. acetobutylicum indicates a large structural similarity (Fig. S7), the
HYSCORE spectroscopy of the two proteins provides different results.It is only in HydFC.a. that we have found evidence for a nitrogen coordi-
nation of the [4Fe–4S] cluster. The results are similar to those previ-
ously observed for the HydF protein from C. acetobutylicum expressed
in a background containing the two other maturases (i.e. HydFC.a.EG)
[16], in which a 2Fe unit was also present. Therefore, at least in HydFC.a.,
the presence of the 2Fe unit does not seem to alter the coordination of
the [4Fe–4S] cluster. Importantly, we are now able to speciﬁcally assign
this fourth (nitrogen) ligation to the His 352 residue, based on site-
speciﬁc mutagenesis. Conversely, the same ligation can be clearly ex-
cluded for the HydFT.n. protein, due to the lack of the speciﬁc spectral
features of a nitrogen ligand in the HYSCORE spectrum of the reduced
sample. On the other hand, a [4Fe–4S] cluster–imidazole complex is de-
tectable in the presence of an excess of imidazole, suggesting that in
HydFT.n. the fourth metal coordination site is both easily accessible by
exogenous ligands and readily exchangeable. Interestingly, a [4Fe–4S]
cluster can be assembled also in the HydFC.a.H352A mutant protein, as
supported by the corresponding EPR signal of the reduced protein
which shows g-values only slightly shifted when compared to the
wild type protein. This evidence suggests that also in C. acetobutylicum
the His 352 residue, which coordinates the iron atom of the [4Fe–4S]
cluster in the native protein, can be at least partially substituted, upon
deletion, by another undeﬁned ligand.
All together, the experimental results on the HydF proteins from
the two microorganisms indicate that only the three cysteines are
strictly required for the binding of the [4Fe–4S] cluster, whereas the
fourth ligand of the coordination sphere can vary depending on the
molecular environment created by local residues and/or experimen-
tal conditions. We are tempting to speculate that the non-cysteinyl li-
gation of the cubane-type FeS cluster, as well as its variability and
easy exchangeability, may have important implications for the syn-
thesis of a complete H-cluster precursor. Non-cysteinyl ligation to a
cubane-type FeS cluster is known to occur in several enzymes, and
in each case the anomalous cluster coordination has a functional sig-
niﬁcance [36]. For instance, it has been found that the [4Fe–4S] cluster
assembly protein IscA from Acidithiobacillus ferrooxidans employs an
aspartate ligand for its [4Fe–4S] cluster to allow enhanced transfer
and assembly [37]. Structural ﬂexibility was interpreted to be essen-
tial for the function of the protein SufU, which is proposed to facilitate
docking and cluster transfer to a wide range of acceptor apo-FeS pro-
teins [38]. The two histidines belonging to the HydF domain III could
have a functional role in both C. acetobutylicum and T. neapolitana.
Indeed, as expected due to their high conservation degree, histi-
dines 304 and 352, which are not crucial for the coordination of the
[4Fe–4S]-cluster, are instead both strictly required to achieve a com-
plete [FeFe]-hydrogenase activation, as proved by the experiments
performed with the C. acetobutylicum maturation system heterolo-
gously produced in E. coli (Fig. 6). Although there are no reports to
date for the expression of an active [FeFe]-hydrogenase in E. coli by
using structural enzymes and/or maturases from thermophilic micro-
organisms, due the high conservation degree in the key consensus se-
quences of these proteins, it is very likely that these results could be
extended bona ﬁde to the HydF protein from T. neapolitana. Interest-
ingly, a close look at the HydFT.n. structural model [28] reveals that
both histidine residues are very close to the iron cluster, and we sug-
gest that they may be relevant to assist the chemical modiﬁcation
of the 2Fe unit and the dissociation/transfer of the cluster (either
the 2Fe unit or the whole [4Fe–4S]-2Fe cluster) in the last steps of
[FeFe]-hydrogenase maturation. His 352, which represents a labile li-
gand of the [4Fe–4S] cluster, easily substituted by alternative endog-
enous (as in T. neapolitana) and exogenous ligands, could have a role
in some steps of the chemical reactions required for the modiﬁcations
of the [4Fe–4S]-2Fe cluster. At the opposite site, His 304 (His 306 in
HydFC.a.) might play a role in the stabilization of the proper environ-
ment for the 2Fe unit assembly, cluster maturation and transfer to
the [FeFe]-hydrogenase. Indeed, since both Cys 353 and Cys 356 are
buried inside the pocket, the assembly of the 2Fe unit appears to
2157P. Berto et al. / Biochimica et Biophysica Acta 1817 (2012) 2149–2157take place most likely at the site of the more exposed Cys 302 (Cys
304 in HydFC.a.), which would have a key role in the bridging of the
2Fe cluster to the cubane. While His 352 is positioned in the internal
side of the pocket, His 304/306, together with the adjacent Cys 302/
304, is part of a long loop at the mouth of this site, quite exposed to-
ward the solvent and forced in this orientation by the intermolecular
disulﬁde bridge between two cysteines 302 in the tetrameric assem-
bly of the HydFT.n. apo-protein [28]. Although not properly oriented in
the fully oxidized apo-form of HydF, His 304/306 could easily undergo a
little rearrangement that will necessarily involve also the Cys 302,
allowing to get the appropriate distances and reciprocal orientation.
In conclusion, this work provides additional insights into the poten-
tial role of the HydF conserved histidine residues, and adds new clues
useful to deﬁne the FeS cluster coordination sphere in this protein.
This point will be further investigated in the future in order to draw
an overall picture of how the complex H-cluster is assembled upon
the HydF scaffold and integrated into active [FeFe]-hydrogenases. A
key feature emerging from our investigation is the ﬂexibility of the
fourth non-cysteinyl ligand of the [4Fe–4S] cluster, and an extensive
point-mutation mutagenesis work is in progress aimed at deﬁning the
nature of this ligand in the native HydF from T. neapolitana.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbabio.2012.09.004.
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